Introduction
Osteonecrosis of the femoral head (ONFH) is a devastating bone disease in which cellular death within the femoral head occurs as a result of interruption of the blood supply to the anterior-superior-lateral region. ONFH is a complex and multifactorial disease that is influenced by a number of genetic factors with relatively small effects in addition to environmental factors. Diverse conditions, such as the use of corticosteroids, alcohol abuse, sickle cell anaemia, radiation, Gaucher disease, and others, are known to be implicated in the development of secondary osteonecrosis [1] . In particular, corticosteroid use and excessive alcohol intake are considered to be dominant risk factors, with high dose corticosteroid use (equating to ∼2 g of prednisone within two to three months) the most common risk factor, accounting for between ten and 30 % of osteonecrosis cases [2] . Steroid medications are often used in patients with systemic lupus erythematosus (SLE), rheumatoid arthritis (RA), and after renal transplant, all conditions known to be associated with susceptibility to osteonecrosis development [3] . However, only ∼5 % of patients with a history of high dose corticosteroid use, or alcohol abuse, develop osteonecrosis [4] , indicating individual differences in sensitivity to these risk factors.
Although the pathogenesis and pathophysiology of osteonecrosis remain areas of controversy, the majority view is that the condition is the result of the combined effects of metabolic factors, local factors affecting blood supply, such as vascular damage, increased intraosseous pressure, and mechanical stresses [5] . The majority of association studies relating to osteonecrosis have concentrated on gene polymorphisms affecting the coagulation and fibrinolytic systems [6] . However, the association between genetic predisposition and thrombotic tendency may differ between ethnic groups. Moreover, neither the factor V Leiden (G1691A mutation in factor V), nor the prothrombin G20210A mutations have been found in the Korean population [7, 8] .
Nitric oxide (NO) regulates a variety of biological processes involved in angiogenesis, thrombosis, and bone turnover, which are known to be related to the pathogenesis of ONFH [9] . Nitric oxide synthesised by endothelial nitric oxide synthase (eNOS) has vasodilatory effects on vascular tone, inhibits platelet aggregation, and modulates smooth muscle proliferation [10] . Overproduction of NO could contribute to tissue injury, given its capacity to increase vascular permeability, generate toxic free radicals, such as peroxynitrite, and induce cytotoxicity [11] . Deficiency of the NOS3 gene leads to reduced bone formation and impaired osteoblast function [12] . Many studies have been carried out to determine the associations between genetic polymorphisms in the NOS3 gene and vascular diseases, including coronary artery disease or myocardial infarction, hypertension, stroke, and renal diseases. A small number of studies have demonstrated association between NOS3 polymorphisms and ONFH; allele 4a of a variable number tandem repeat (VNTR) polymorphism in intron 4 and the T786C polymorphism in the NOS3 gene were associated with idiopathic ONFH [9, 13, 14] .
In this study, we postulated that abnormal NO expression is associated with ONFH, and we investigated the influence of NOS3 gene polymorphisms on susceptibility to ONFH.
Materials and methods

Subjects
Blood samples and records were obtained from 306 healthy controls (28 male, 278 female), 150 SLE patients (13 male, 137 female), and 50 SLE patients with ONFH (SLE_ONFH; four male, 46 female). The healthy control, SLE, and SLE_ONFH participants were consecutively recruited from the Hanyang University Hospital for Rheumatic Diseases (Seoul, Korea). The study design was approved by the Institutional Review Board, and all individuals participating in the study gave their informed consent. Control subjects were defined by a lack of hip pain and the absence of any lesions with a sclerotic margin or subchondral collapse, consistent with ONFH, in anteroposterior and frog-leg lateral pelvic radiographs. The clinical characteristics of controls and patients are summarised in Table 1 .
Genotyping
A total of five single nucleotide polymorphism (SNP) sites in the NOS3 gene were selected on the basis of their locations, allele frequencies, and potential relevance to disease. For genotyping of polymorphic sites, amplification primers and probes were designed for TaqMan assays (Applied Biosystems, Foster City, CA). Primer Express (Applied Biosystems) was used to design both the PCR primers and the minor groove binder (MGB) TaqMan probes. One allelic probe was labelled with the 6-carboxyfluorescein (FAM™) dye, and the other with fluorescent 2'-chloro-7'-phenyl-1,4-dichloro-6-carboxyfluorescein (VIC®) dye. All reactions were carried out following the manufacturer's protocol. Detailed procedures regarding the PCR reaction and TaqMan assay have been described previously [15] . The fluorescence data files from each plate were collected and analysed using automated allele-calling software (SDS 2.2, Applied Biosystems). 
Statistical analyses
For inclusion in subsequent analysis, SNPs were required to meet the minimum criteria of call rate (CR)>95.0, minor allele frequency (MAF)>0.05, and Hardy-Weinberg equilibrium (HWE)>0.05. Chi-squared tests were used to determine whether individual variants were in equilibrium in the population at each locus. Logistical regression analyses were used to calculate odds ratios (ORs), 95 % confidence intervals (CIs), and corresponding P-values for each SNP and haplotype, with age and sex as covariates, and using three alternative models (codominant, dominant, and recessive). Genotypes were given codes of 0, 1, and 2; 0, 1, and 1; and 0, 0, and 1 in the codominant, dominant, and recessive models, respectively. Linkage disequilibrium (LD) between loci was measured using the absolute value of Lewontin's D' (|D'|) [16] . Haplotypes of each individual were inferred from the genotype data using the Haploview program 3.32 (http://www.broad.mit.edu/mpg/ haploview/), which uses an accelerated expectationmaximisation (EM) algorithm. Haploview was also used to estimate haplotype structures and their frequencies within LD blocks. Haplotypes with frequencies <5 % were excluded from further analysis. Continuous variables were compared by Student's t-test or ANOVA. All analyses were two-tailed, and P-values<0.05 were considered to be statistically significant. For multiple comparisons, a Bonferroni adjustment was used to adjust P values.
Results
To examine association of NOS3 gene polymorphisms with SLE and SLE_ONFH in Korean patients, we selected five polymorphic sites in the NOS3 gene, taking into consideration their location, allele frequencies, and known disease association as derived from public databases (Fig. 1) . The genotypes of these five SNPs were analysed in 306 controls, 150 SLE patients, and 50 SLE_ONFH patients using TaqMan assays. The resulting SNP data, including location, amino acid substitution, genotype, MAF, and HWE of all studied polymorphisms are presented in Table 2 . All of the genotyped SNPs fulfilled our criteria of a CR>95.0, MAF>0.05, and HWE>0.05. Table 3 ). Despite the application of stringent Bonferroni correction, which is considered to be a conservative method of adjustment for multiple testing, both associated SNPs retained significance. As LD is believed to be highly structured, with conserved blocks of sequence separated by hotspots of recombination, the function of a conserved haplotype may be the result of interaction between polymorphisms within a block. LD analysis revealed one haplotype block, including two SNPs: rs1799983 and rs1800780 (Fig. 2a) . Three major haplotypes with frequencies >0.05 were predicted, and the frequency of each was compared between controls and SLE and/or SLE_ONFH patients ( Fig. 2b ; Table 4 ). Haplotype 2 (ht2: G-A) and/or haplotype 3 (ht3: T-A) were significantly associated with a protective role (OR=0.39) or an increased risk (OR=3.73), respectively, with regard to development of ONFH under all analysis models, when compared with either control or SLE groups (Table 4, Supplementary Tables 5 and 6 ). However, comparison of SLE patients and controls at the haplotype level demonstrated no significant differences (Table 4) . These results suggest that both exonic polymorphisms (rs1549758, rs1799983) may be functionally involved with increased susceptibility to ONFH in SLE patients.
Discussion
ONFH is one of the most common diseases of the hip in Korea, with higher incidence than that in other countries; it is responsible for more than half of the cases of total hip arthroplasty, whereas it is relatively rare in the Unites States [8] . In recent years, the clinical significance of ONFH in hip diseases has received much attention, but the details of its pathogenesis and epidemiology are not well understood; although it is generally assumed that venous thrombosis with blood flow obstruction to the femoral head, mediated by thrombophilia and/or hypofibrinolysis, is important in the development of ONFH [17, 18] . At the genetic level, some genes have previously been reported as risk factors for ONFH, including a G1691A mutation in factor V (factor V Leiden), a G20210A mutation in prothrombin, and polymorphisms in 5, 10-methylenetetrahydrofolate reductase (MTHFR; C677T and A1298C) [8, 19, 20] . The presence of these genetic variations is associated with a hypercoagulable state, and increases the risk of thromboembolic events. However, the association between genetic predisposition and thrombotic tendency may differ between ethnic groups [8] . Moreover, neither factor V Leiden nor the prothrombin G20210A mutation has been found in the Korean population [7, 8] .
Endothelial nitric oxide synthase is the predominant NOS isoform expressed in normal bone. In the skeletal system, eNOS modulates bone resorption and formation, and the anabolic effects of insulin-like growth factor and oestrogen are dependent on NO production via eNOS [21, 22] . Excessive NO production occurs during various rheumatic diseases, including SLE, RA, Sjögren's syndrome, vasculitis, and osteoarthritis [23] . Given the pleiotropic effects of NO, we have investigated whether there is a link between polymorphisms of the endothelial nitric oxide synthase (NOS3) gene and the development of ONFH. In this study, we examined the frequency of five different polymorphisms and reconstructed haplotypes: rs11771443 (in 5' UTR), rs2070744 (T786C, in the promoter), rs1549758 (encoding Asp258Asp, in exon 6), rs1799983 (encoding Glu298Asp, in exon 7), and rs1800780 (in intron 12) in patients and controls. We demonstrated that two exonic NOS3 gene polymorphisms, rs1549758 and rs1799983, and two haplotypes (rs1799983−rs1800780: G-A and T-A) are statistically significantly associated with development of ONFH (Tables 3 and 4 , OR=3.17-3.73) when SLE_ONFH was compared to healthy normal or SLE. Even using the stringent method of Bonferroni correction for multiple testing, the majority of the P-values of associated SNPs and haplotypes retained significance. These results suggest that the minor allele (T) of G894T (Glu298Asp) located in exon 7, which is associated with altered function of the protein encoded by this gene, may increase the risk of developing ONFH in the Korean population.
Previously, it was proposed that two polymorphisms of the NOS3 gene, G894T (Glu298Asp) in exon 7 and the VNTR in intron 4, may be associated with the altered function of this gene [24] . Such functional DNA variants in the NOS3 gene may lead to changes in eNOS expression and/or enzymatic activity. Recently, Koo et al. [9] investigated the association between two polymorphisms, the 27 bp repeat polymorphism in intron 4 and Glu298Asp in exon 7, and ONFH in Koreans. They reported that the 27 bp repeat polymorphism (4a/4b) in intron 4 of NOS3 was associated with idiopathic ONFH. The 4a allele is associated with lower synthesis of eNOS, suggesting a functional difference underlying the association of the 4a allele carrier state with ONFH. The G894T polymorphism is a non-synonymous common variant (Glu298Asp) in the coding region of the NOS3 gene, which is predicted to alter gene function. Our results showed that the Glu298Asp polymorphism was significantly associated with SLE_ONFH, but not with SLE alone. The synonymous polymorphism Asp258Asp in exon 6 was also associated with ONFH at a statistically significant level. In addition, the T786C NOS3 polymorphism has been reported to reduce the NOS3 gene promoter activity [25] and therefore may lead to a decrease in NO production. Decreased NO production leads to vasoconstriction, platelet aggregation, reduced angiogenesis, and reduced bone formation, all of which may be associated with osteonecrosis of the hip. Glueck et al. recently reported the T786C polymorphism in the NOS3 promoter was associated with idiopathic ONFH, but not with secondary osteonecrosis. [13] .
Our results indicate that the T786C polymorphism was not associated with SLE_ONFH. The lack of consistency across these studies may be the result of geographic and ethnic variability of the populations included in them. Kim et al. [26] reported that three polymorphisms, T786C, 4a4b, and G894T, exhibit distinct genotype distribution profiles between Koreans and Caucasians. Approximately 50 % of Caucasians are heterozygotes for the T786C and G894T polymorphisms, whereas this is the case for less than 20 % of Koreans [26] . Therefore, it is possible that ethnic differences in NO-mediated effects may result from the proportional distribution of NOS3 variants among ethnic groups. Although our study showed positive relationship between eNOS polymorphisms and ONFH, there are some limitations. We had limited basic and clinical data of study samples. There was no information about family history of ONFH, onset of diseases, medication history, etc. Because we did not check MRI in the control, a few cases of early stage of osteonecrosis that can only be diagnosed with MRI may be included in control. The small sample size of ONFH with SLE patients and those factors may influence the results. Nevertheless, this study will strengthen our understanding of NO-mediated ONFH pathogenesis In conclusion, we demonstrated that two polymorphisms, Asp258Asp in exon 6 and Glu298Asp in exon 7, appear to have a relationship with ONFH susceptibility in SLE patients. These findings may have important pharmacogenetic implications and their molecular basis must be addressed in further studies. To firmly establish the suggested association, well-designed, case-control or prospective studies with large sample size are required.
